Estradiol may fulfill a plethora of functions in neurons, in which much of its activity is associated with its capacity to directly bind and dimerize estrogen receptors. This hormone-protein complex can either bind directly to estrogen response elements (ERE's) in gene promoters, or it may act as a cofactor at non-ERE sites interacting with other DNA-binding elements such as AP-1 or c-Jun. Many of the neuroprotective effects described for estrogen have been associated with this mode of action. However, recent evidence suggests that in addition to these ''genomic effects'', estrogen may also act as a more general ''trophic factor'' triggering cytoplasmic signals and extending the potential activity of this hormone. We demonstrated that estrogen receptor alpha associates with b-catenin and glycogen synthase kinase 3 in the brain and in neurons, which has since been confirmed by others. Here, we show that the action of estradiol activates b-catenin transcription in neuroblastoma cells and in primary cortical neurons. This activation is time and concentration-dependent, and it may be abolished by the estrogen receptor antagonist ICI 182780. The transcriptional activation of b-catenin is dependent on lymphoid enhancer binding factor-1 (LEF-1) and a truncated-mutant of LEF-1 almost completely blocks estradiol TCF-mediated transcription. Transcription of a TCF-reporter in a transgenic mouse model is enhanced by estradiol in a similar fashion to that produced by Wnt3a. In addition, activation of a luciferase reporter driven by the engrailed promoter with three LEF-1 repeats was mediated by estradiol. We established a cell line that constitutively expresses a dominant-negative LEF-1 and it was used in a gene expression microarray analysis. In this way, genes that respond to estradiol or Wnt3a, sensitive to LEF-1, could be identified and validated. Together, these data demonstrate the existence of a new signaling pathway controlled by estradiol in neurons. This pathway shares some elements of the insulin-like growth factor-1/Insulin and Wnt signaling pathways, however, our data strongly suggest that it is different from that of both these ligands. These findings may reveal a set of new physiological roles for estrogens, at least in the Central Nervous System (CNS).
Introduction
Estrogens fulfill a wide range of functions during development and differentiation in mammals of both sexes. In addition to these functions, they are also thought to play an important role in neuroprotection [1] [2] [3] . The actions of estrogens have been classified as either ''genomic actions'' or ''non-genomic, rapid actions''. The genomic actions are based on the capacity of the estrogen receptors (ERs) to bind to co-activators or co-repressors in order to enhance or inhibit the transcription of target genes, and it has been reported in many cell types (reviewed in [4] ). This activity involves the dimerization of two receptor molecules mediated by the presence of the hormone and the generation of a macromolecular complex with co-regulators (reviewed in [5] ). The ERs belong to the nuclear receptor superfamily and two receptors, alpha and beta, have been identified (NR3A1 and NR3A2, according to the nomenclature of the NRN Committee [6] . The structure of both receptors is similar containing a highly homologous DNA-binding region (95%) and a hormone binding region with weaker homology (69%), whereas the carboxy and amino-terminal regions are the most divergent regions (58% homology, reviewed in [7] ). Apart from this genomic action, estrogen can trigger rapid ''non-genomic signaling'' associated with the activation of second messengers. Among these, the activation of the mitogen activated protein kinase (MAPK) [8] , protein kinase C (PKC) [9] and phosphoinositide 3-kinase (PI3K) [10] signaling pathways has been described. Indeed, cooperation with insulin-like growth factor-1 (IGF-1) has been demonstrated and ERa has been reported to associate with p85, the regulatory subunit of PI3K [11] [12] . Furthermore, estrogens may also act in a ligand-independent manner [13] and they may exert certain antioxidant effects that are independent of their receptors.
We recently demonstrated that ERa is linked to PI3K associated ''cytoplasmic signaling'' in the brain and in primary neurons, where estradiol can induce the immediate activation of Akt/PKB and the subsequent inhibition of glycogen synthase kinase 3 (GSK3). On the light of the important role proposed for GSK3 in neuronal survival [14] and in neuropathologies such as amyloid neurotoxicity [15] , the role of this new estradiol signaling pathway merits further analysis.
We also identified novel complexes in which ERa, GSK3 and b-catenin were associated, demonstrating that the action of estradiol transiently stabilized b-catenin, which is disassociated from the complex with ERa [12] . The stabilization of b-catenin has been related with different functions of this protein. In addition to act in cell-cell adhesion, b-catenin also serves as a cotranscriptional regulator, modulating the functions of the T cell factor (TCF)/ lymphoid enhancer binding factor (LEF) proteins that are closely associated with Wnt signaling (reviewed in [16] [17] [18] [19] ). Hence, the stabilization of b-catenin by estradiol may also have effects on gene transcription.
In this study we have assessed whether the b-catenin, stabilized by estradiol in neurons, may exert a significant effect at the transcriptional level. We show that the stabilization of b-catenin by estradiol is correlated with the inhibition of GSK3 in neuronal-like cells (N2a-m), as well as in cortical neurons. Indeed, estradiol increased TCF/LEF-1 transcription in a dose-dependent manner. This increase in transcription was partially prevented by the addition of an estradiol antagonist and was mimicked by an alpha and beta specific-agonist. In neuronal cells, estradiol induced the formation of a TCF-DNA complex that was impaired by the presence of antibodies against LEF-1. Moreover, in cortical neurons from a TCF/LEF-1-bgal transgenic mouse, b-galactosidase activity was up-regulated by the action of estradiol. Finally, in a LEF-1 mutant cell line, we identified some genes that were differentially regulated by estradiol.
Together, all these data demonstrate that in addition to its nuclear action mediated through the ER, estradiol triggers a signal that recruits b-catenin and LEF-1 and that may be responsible for more wide-ranging actions of this hormone, at least in neurons.
Results

Estradiol transiently regulates the phosphorylation of GSK3 and the amount of b-catenin in N2a-m neuronal cells and cortical neurons
We recently demonstrated that estradiol inhibit GSK3 and stabilize b-catenin in the hippocampus and in hippocampal neurons. To further analyze this phenomenon, it was necessary to transfect neuronal cells. We first examined whether neuroblastoma cells behave like primary neurons concerning this estrogenic action. We found that N2a-m cells, a clone derived from NB2a (ATCC: CCL 131) and that has been maintained for several years in our laboratory, responded to estradiol in a similar manner as primary neurons, as demonstrated below.
The effect of estradiol on this cell line was examined and we initially determined whether N2a-m cells expressed both a and b estrogen receptors when maintained in serum-free medium (Supplementary Figure S1) . When N2a-m cells were exposed to estradiol, ERa-immunoreactivity became more concentrated in the nucleus in a time and dose dependent manner (Supplementary Figure S1 ). Thus, since these cells respond to estradiol and can be efficiently transfected, we analyzed whether exposure to estradiol could modify GSK3b-PSer using primary cortical neurons as a reference in parallel. Immunoreactivity against GSK3b-PSer was increased in N2a-m cells exposed to estradiol, reaching a maximum (561 fold, n = 4) 60-90 minutes after the addition of the hormone ( Figure 1A) . A similar time-course of GSK3b-PSer immunoreactivity was observed in cortical primary neurons ( Figure 1C ), reaching a maximum increase (2.260.5 fold; n = 3) 90 minutes after exposure to the hormone. The increase in serine phosphorylation of GSK3b was dose-dependent and was maximal in the range of 100 to 200 nM (2.560.5 fold; n = 3, Figure 1A ).
The second important element in our analysis is b-catenin, as demonstrated in hippocampal neurons [12] . Thus, we determined whether inhibition of GSK3 was correlated with the stabilization of b-catenin in cell extracts from N2a-m and cortical neurons treated with estradiol (100 nM). The total amount of b-catenin increased in both N2a-m cells (3.560.5 fold; n = 3) ( Figure 1A ) and cortical neurons (2.260.3 folds, n = 3) ( Figure 1C) , with a timecourse similar to that of the changes in GSK3-PSer (Figure 1 A  and B) . The increase in the stabilization of b-catenin by estradiol was prevented by ICI 182780, a specific ER receptor antagonist (ICI/estradiol ratio was maintained 1006) ( Figure 1B) .
A complex of ER a and b-catenin was recently detected in the hippocampus of female ovariectomized rats [12] . We assessed whether a similar complex was present in extracts from N2a-m cells. Our data showed that b-catenin was detected in complexes immunoprecipitated with antibodies against ERa or ERb ( Figure 2 ). Similarly, both GSK3a and b were detected in these complexes, although there was less GSK3 recovered when antibodies against ERa were used. As a positive control in these experiments, material was immunopreciptated with an antibody against Adenomatous Polyposis Coli protein (APC) and in these latter experiments, mostly GSK3b was detected ( Figure 2 ).
Estradiol increase the association of b-catenin to the neuronal membrane fraction
Given that b-catenin may fulfill two distinct cellular functions, as an adhesion molecule or as co-transcription factor. Two different pools have been described associated with different functions [16, 20] . Thus, we determined whether estradiolmediated stabilization augmented either of the putative b-catenin pools. Membrane and nuclear fractions were obtained from cultured neurons exposed to the hormone for 30 and 60 minutes. Interestingly, the amount of b-catenin detected in the membrane fraction was increased at 30 and 60 minutes after exposure to estradiol whereas the nuclear fraction was almost unaffected (Supplementary Figure S2) .
Estradiol activates TCF-mediated transcription
Even though accumulation of b-catenin in the cell nucleus could not be perceived at the biochemical level, we assessed whether estradiol might induce b-catenin mediated transcriptional activation. For this purpose we transfected N2a-m cells with a TCFluciferase reporter (TOPFlash) in combination with an EGFP reporter. When estradiol (100 nM) was added after cell transfection, luciferase activity increased 2464 fold (n = 4, Figure 3D ), reaching a maximum 60-90 minutes after hormonal exposure ( Figure 3A) . The estradiol-induced increase in luciferase activity was time and concentration-dependent ( Figure 3A-B) . Moreover, the transcriptional activity depended on ERs since it was drastically reduced when the ER antagonist ICI 182780 was applied in conjunction with estradiol ( Figure 3C ). In parallel, when we transfected N2a-m cells with a mutated form of the TCF reporter (FOPFlash) we were unable to detect luciferase activity ( Figure 3C ).
To determine whether this transcriptional activation was associated with ER a or ER b, we used two specific agonists of either the a or b receptor isoforms. Both 4,49,40-(propyl-[(1)H]-pyrazole-1,3,5-triyl) trisphenol (PPT, a-selective) and 2,3-bis (4-hydroxyphenyl) propionitrile (DPN (b-selective) agonists increased transcriptional activity in N2a-m cells, although the activity mediated by PPT was more prominent that that mediated by DPN, suggesting that ER a is more effectively coupled to this novel pathway ( Figure 3D ). As a positive control of this TCFreporter, we took advantage of the fact that this neuronal cell responds to some Wnt proteins and thus, b-catenin stabilization was detected when N2a-m cells were exposed to Wnt3a (Supplementary Figure S3) . When we exposed cells to Wnt3a -GSK3 phosphorylation and b-catenin accumulation in neuronal cells. (A)-Neuroblastoma N2a-m were treated with different doses of estradiol and for different times (20-120 min with 10-500 nM) and the maximum increase in GSK3b-PSer 9 was observed when they were treated for 60 min with 100-200 nM estradiol. (B)-Stabilization of b-catenin. N2a-m cells treated with estradiol showed a clear increase in b-catenin that could be prevented by prior exposure to ICI 182780 (used 1006 concentrated in comparison to estradiol), 60 minutes before estradiol treatment (lower panel). (C)-Cortical Primary Neurons (2DIV) were treated with estradiol (100 nM) and the maximum increase in GSK3b-PSer 9 and the subsequent stabilization of b-catenin was clearly detected 60-90 min after the onset of exposure. In all cases diagram shows the mean normalized densitometry values and the corresponding standard deviations from at least three independent experiments. Asterisks indicate statistical significance (Student's t-test) ** (P#0.05), * (P#0.01). The single * or ** compares data to control whereas the bar between different points shows statistical differences between experimental values. doi:10.1371/journal.pone.0005153.g001
after TOPFlash transfection, the transcriptional activation obtained in response to Wnt3a was similar to that obtained after estradiol treatment (Supplementary Figure S3) .
The expression of a TCF-b-galactosidase reporter, as well as an engrailed-1 promoter luciferase reporter, is modulated by estradiol in primary neurons
To determine whether estradiol can regulate the expression of a reporter controlled by TCF in primary neurons, we used two complementary approaches. First, we transfected TOPFlash or FOPFlash into primary neurons ( Figure 4A ) and after TOPFlash transfection, we detected an increase in luciferase activity (4.861.2 folds; n = 3) in the presence of estradiol (100 nM), which was not induced after FOPFlash transfection ( Figure 4A ). High concentrations of insulin (ITS supplements) also produced a 10-fold increase in these cells as a positive control ( Figure 4A ). In a second approach, we obtained primary cultures of cortical neurons from TCF-bgal transgenic mice, a colony designed to analyze the activation of the Wnt pathway in vivo [21] . We detected bgalactosidase expression in almost all cortical neurons of TCF-bgal transgenic mice ( Figure 4B ) and thus, we analyzed the amount of b-galactosidase after exposure to either estradiol or Wnt3a. Both estradiol and Wnt3a produced a similar moderate increase in bgalactosidase, assessed in western blots ( Figure 4B ). This finding was confirmed by quantitative RT-PCR in parallel experiments. Hence, in total RNA obtained from cultured cortical neurons, a similar increase in the expression of the LacZ-transgene was detected by RealTime RT-PCR after exposure to Wnt3a or estradiol when normalized to actin mRNA expression ( Figure 4C ).
As a complementary alternative we try to analyze whether an endogenous promoter may be regulated by estradiol in a similar fashion as Wnt3a. For that purpose we used a construct containing a 2.8 Kb region of the Engrailed-1 promoter that has three LEF-1 sites situated upstream of a luciferase gene pENP1Luc [22] (see scheme in Figure 5A ). Again luciferase expression was clearly driven by estradiol, although at identical amounts of cDNA the response of TOPFlash was more potent ( Figure 5B ).
Does estradiol use a b-catenin/TCF transcription system similar to that used by Wnt?
The mechanism by which Wnt modulates b-catenin-mediated transcription is sensitive to the phosphorylation of b-catenin as well as to b-catenin/TCF binding (reviewed in [17] ). Thus, when we transfected N2a-m cells with different amounts of a constitutively active mutant of b-catenin (S33Y), the transcriptional activity in extracts of these cells was almost maximal and it was virtually insensitive to the addition of estradiol (15-20%) , when compared with 5-12 folds induction (control or mocktransfected cells versus estradiol) ( Figure 6A versus Figure 3B -C). In all these experiments, the total amount of b-catenin after transfection and treatment was controlled to ensure that it did not influence the results ( Figure 6B ). Hence, these data strongly suggested that estradiol-mediated transcription requires the formation of a b-catenin/TCF complex. Indeed, when a version of LEF-1 that is truncated in the b-catenin binding region (D56LEF-1) [23] was transiently transfected into N2a-m neuroblastoma cells in combination with TOPFlash, estradiol did not drive luciferase expression ( Figure 6C ), whereas N2a-m-mock transfected cells responded to estradiol as previously shown.
Similarly, when we transiently transfected into N2a-m neuroblastoma cells with D56LEF-1 in combination with pENP1 Luc, the luciferase expression estradiol-mediated was severely reduced by the expression of LEF1-mutant ( Figure 6D ).
Are b-catenin/TCF-DNA complexes activated by estradiol?
To determine whether the estradiol-mediated transcriptional activation detected in our study relies on similar complexes to those described for Wnt, we assayed the DNA-protein complexes with TCF-binding sequence in nuclear extracts from N2a-m cells (EMSA assay). We detected a DNA-protein complex that was more evident after estradiol or Wnt3a treatment ( Figure 7) . Moreover, the formation of this complex was impaired by pre-incubation with the ER antagonist ICI 182780 and the detection of the complex could be competed with unlabelled TCF-oligonucleotide but not by a mutant TCF oligonucleotide (Figure 7 A) .
Four members of TCF family have been described (TCF1, LEF-1, TCF3, and TCF4), the first three of which are found in neuronal tissues [24] . To determine which of these may participate in the TCF/DNA complex described in our system, we preincubated the nuclear extracts with specific antibodies against TCF1, LEF-1 or TCF3, as well as with antibodies against ERa or irrelevant IgGs. The antibody against LEF-1 abolished the formation of the DNA-protein complex while the antibodies against TCF1, TCF3 and ERa did not appreciably modify the DNA-protein complex ( Figure 7B and supplementary Figure S4 ). this new molecular mechanisms, we took advantage of the fact that the D56LEF-1 construct may act as a dominant-negative construct and we generated N2a-m cells stably transfected with D56LEF-1 ( Figure 8A ). This cell line presented a more differentiated morphology, with bipolar extension of two processes ( Figure 8A ).
As an internal control, we analyzed the presence of the D56LEF-1 as well as the endogenous LEF-1. The expression of D56LEF-1 in this cell line was not drastically impaired, and it was maintained at an mRNA and protein ratio of at least 1:1 when compared with LEF-1, in a cell line mock-transfected with the empty pcDNA3.1 vector ( Figure 8B and C) . The dominantnegative activity of the LEF-1 mutant was observed when the cell line was transiently transfected with TOPFlash. The expression of luciferase was still blocked when the cells were incubated with estradiol, as described previously ( Figure 8C ). Even though, estrogen receptor and b-catenin may be detected in the nuclear fraction of these transfected cells ( Figure 8C ).
Subsequently, stably transfected N2a-m cells were utilized to obtain the total RNA, either from empty pcDNA3/N2a-m (group A) or D56LEF-1/N2a-m (group B). In both cases, cells were , Soluble extracts from estradiol treated cells were obtained and luciferase activity was measure as indicated in the Methods. The normalized data were expressed in relative light units (RLU) compared to the control solvent, and the response was maximal at 60 min using 100 nM. (C).The effect of estradiol can be prevented by prior exposure to the ER antagonist ICI 182780 10 mM for 2 hr. (D), Specific agonists of each estrogen receptor (PPT: ERa agonist, and DPN: ERb agonist, at two concentrations, 5 and 10 nM) also induced TCF/LEF-mediated transcription although PPT was more efficient than DPN. The graphs show the normalized luciferase activity from at least three independent experiments. The P value from the Student's t-test was * (P#0.05), ** (P#0.01). The single * or ** compares data to control whereas the bar between different points shows statistical differences between them. doi:10.1371/journal.pone.0005153.g003 with estradiol or Wnt3a for 60 minutes and then total RNA was purified. Gene expression from the two stable cell types (A and B) was then analyzed using the Applied Biosystems Mouse Genome Survey Microarray (Applied Biosystems).
Genes were normalized with respect to control untreated cells, and divided in different groups. From these groups, we only consider those with differences when compared group A versus group B, for each treatment. From these we selected those with a log 2 R higher or lower than 1, being 102 genes upregulated and 121 genes downregulated by estradiol; and 137 genes upregulated and 166 genes downregulated by Wnt3a. Table 1 described the list of the annotated genes present in the protein bank with the Ref Seq and the Gene Name. In contrast, the genes modified only after estradiol treatment or only after Wnt3a treatment that presented no significant differences between A and B were discarded. Initially, for the confirmation of the putative deferential response of both cells (A vs B) we selected two genes presented in both arrays that were modified by Wnt as well as by estradiol (Plasminogen and LEF-1). A final validation was performed using specific antibodies against the selected proteins ( Figure 9 and 8C). Thus, plasminogen expression in D56LEF-1 cells was 2.5 fold higher, although these initial differences were not considerably augmented by treatment with Wnt or estradiol. Similarly, the endogenous LEF-1 was reduced by the presence of the mutant version of this protein ( Figure 8 ). In addition we selected some genes, previously reported by other laboratories as Wnt targets , such as TCF's, Cyclin D, Myc, MMP's (for updated, please check, The Wnt Homepage, at http://www.stanford.edu/,rnusse/pathways/ targets.html).
As shown in figure 9A , the log 2 R of some of these genes was low, and certainly, the protein expression showed no differences. Considering that the low level of detection may be related with the short exposure time (60 minutes), we extended the treatment to confirm the differential regulation of some genes mediated by galactosidase (b-gal) expression was assessed in western blots after estradiol treatment (100-200 nM) for 3 h. Wnt3a (20 ng/ml) was used as a control of TCF-mediated induction. A slight increase in b-gal protein was observed after exposure to estradiol, as with recombinant Wnt3a protein. (B), Lower panel. Basal expression of b-galactosidase in neurons from transgenic mice was assessed by immunocytochemistry using specific antibodies against b galactosidase (green) and Phalloidin-labelled with Alexas 549. (C), Alternatively, after treatment with estradiol or Wnt3a, total Lac Z expression was quantified by RT-PCR using specific b-gal oligonucleotides and using actin (a housekeeping gene) as an internal standard (see Methods). The amplification of both genes was analyzed on agarose gels and the graph represents the normalized data obtained from the Lightcycler analysis. Both treatments clearly increase transcriptional activity when compared to controls. doi:10.1371/journal.pone.0005153.g004 D56LEF-1. Accordingly, we treated the cell lines with estradiol or Wnt3a over a period of 24 h to allow for the accumulation of the protein. Soluble fraction, or nuclear fractions, or conditioned medium was obtained from treated cells and we analyzed the genes identified as differentially expressed in the microarray (when antibodies were available) as well as some genes known to be regulated by Wnt, such as E-cadherin, b-catenin or cyclin D.
Our data confirmed some of the variations in the genes described. Interestingly, MMP-2 secretion was most prominent in Wnt-treated cells whereas the proactive form appeared to be Expression of the D56LEF-1 protein was detected in western blots after transfection of increasing amounts of plasmid (400 or 600 ng) using an antibody against the HMG box region of LEF-1. The overexpression of a LEF-1 mutant construct (D56LEF-1) prevents estradiol from inducing expression from the TOPFlash reporter plasmid when compared with mocktransfected cells. (D)-D56LEF-1 reduces estradiol induced luciferase expression from pENP1-luc. The overexpression of D56LEF-1 construct reduced the luciferase activity induced by estradiol from the pENP1-Luc plasmid, when compared with mock-transfected cells (empty-pcDNA3). Estradiol (E) induced luciferase activity to [8] [9] [10] [11] [12] [13] [14] [15] fold that of the control levels (C and E), in the pENP1-luc reporter. However, the expression of D56LEF-1 diminished this induction (compare pCDNA3+E versus D56+E). In both cases (C-D), the graphs show the normalized luciferase activity (RLU) from at least three independent experiments. The P value from the Student's t-test was * (P#0.05). doi:10.1371/journal.pone.0005153.g006
secreted prominently by D56LEF-1/N2a-m cells. Similarly, bcatenin displayed weaker protein expression in D56LEF-1/N2a-m cells, independently of the treatment.
Finally, a second set of genes were found, those that respond to estradiol (and/or Wnt) in control cells and whose regulation was modified by the presence of D56LEF-1. Indeed, longer treatment enabled clear differences to be detected at the protein level in genes such as N-cadherin and Cyclin D2. Our data indicated that N-cadherin was upregulated by estradiol and Wnt, and that the expression of D56LEF-1 almost completely blocked these effects ( Figure 9B ). While Cyclin D2 behaved similarly, Cyclin D1 appeared to be unchanged and unaffected by treatments ( Figure 9B ). On the other hand, E-cadherin was upregulated by estradiol in control cells (Group A), whereas the presence of D56LEF-1 generated an uncontrolled upregulation. This result revealed an important role for LEF-1 in estrogen-regulated Ecadherin expression.
Discussion
Estrogens may act through different mechanisms, the best known of which involves their capacity to directly bind to and dimerize estrogen receptors (ERs). This hormone-protein complex can either bind directly to promoter estrogen response elements (EREs), or act as a cofactor at non-ERE sites through the interaction with other DNA-binding elements, such as AP-1, or cJun [5, [25] [26] . A second mode of action is associated with the socalled ''non genomic'' or ''rapid'' actions, that include the activation of PKC, G-protein-coupled receptors, ERKs and PI3K/Akt in different cell systems [8, 27] . Regarding this theme, we recently reported that ERa forms a protein complex with GSK3 and b-catenin in the hippocampus of ovariectomized rats; the action of estradiol dissociated b-catenin from the complex in a manner that was clearly correlated with the inhibition of GSK3 [12] . The interaction of ERa with GSK3 does not appear to be specific for neurons and indeed, it has recently been demonstrated that ERa is also phosphorylated and modulated by GSK3 in other cell types [28] .
Estradiol, through a ''rapid response'', activated the pathway Akt/GSK3, stabilized b-catenin, and modulates TCF-mediated transcription, in neurons
We had initially found that the inhibition of GSK3 by estradiol was correlated with the stabilization of b-catenin. Thus, our first aim here was to determine whether the pool of b-catenin regulated by estradiol acts as a co-transcriptional modulator using canonical TCF-mediated transcription or alternatively, whether the stabilization of b-catenin plays some other role. With this aim, we selected a neuronal cell line easily amenable to transfection with a TCF-reporter: the N2a-m cell line which expresses the a and b ER receptors and accumulates nuclear ER when treated with estradiol. Significantly, we detected a complex of b-catenin and GSK3 in these cells following exposure to either ERa or ERb. Figure S4) . Only in the case of the anti-LEF-1 antibody was a more slowly migrating band observed. The arrow with an asterisk indicates the appearance of a higher molecular weight complex. doi:10.1371/journal.pone.0005153.g007 When N2a-m or cortical neurons were treated with estradiol, we detected a similar biochemical response with an increase of GSK3 serine phosphorylation as well as the stabilization of b-catenin. This inhibition of GSK3 was time-and concentration-dependent, and these data are in essence similar to those described in the hippocampus of ovariectomiced rats after estradiol treatment, or in hippocampal neurons [12] .
Taking into account these initial results, the question arose as to whether b-catenin stabilized by estradiol might modulate transcription. It is believed that b-catenin has two different and complementary roles in cells; it may contribute to the cell-cell adhesion or it may act as a co-transcriptional regulator of the TCF family [16] [17] [18] [19] . Our data first showed that estradiol activated TCF-mediated transcription at concentrations of 10610 29 M. This nuclear activation of luciferase was time-and concentrationdependent, it was maximal at 10-20610
28 M, and it could be abolished by the ER antagonist ICI 182780. Similar, but slightly weaker transcriptional activation could be obtained with the ERaselective agonist, PPT (5-10 nM), as well with the ERb-selective agonist, DPN (5-10 nM). All these data strongly suggested that estradiol stabilizes b-catenin through ERa and ERb, and that at least a portion of this protein pool can activate transcription. This transcriptional activation depended on the phosphorylation status of b-catenin. Indeed, the highest levels of transcription were obtained with a mutated form of b-catenin (S33Y) that was virtually unaffected by estradiol. These data raise the question as to whether this TCF-b-catenin mediated transcription is similar to that obtained with Wnt proteins.
We have also showed that estradiol may activate transcription from a portion of the engrailed-1 promoter that contains well characterized TCF elements (pENP1-luc) (McGrew et al. 1999) , and also activate transcription in primary neurons derived from mice transgenic for a TCF-b-galactosidase reporter driving the expression of a luciferase reporter. It is important to remember that the estradiol-dependent transcription mediated by pENP1-luc is severely inhibited by the expression a LEF-1 truncated-mutant (D56LEF-1) [23] . We found that estradiol slightly augmented the formation of DNA-TCF complexes, a similar effect to that produced by exposure to Wnt3a. This transcriptional activation is dependent on LEF-1, since antibodies against LEF-1 can disrupt DNA-complex formation. Furthermore, the presence of D56LEF-1 almost completely prevented estradiol-mediated transcription.
It was recently demonstrated that estradiol regulates LEF-1 and Tcf3, and more importantly, that a complex containing ERa and Tcf3/LEF-1 may be immunoprecipitated from mouse uterus extracts [29] . Accordingly, it was proposed that a complex composed of ERa/b-catenin/Tcf-3 is an important part of the estradiol response in this tissue. Although we cannot completely rule out this possibility (particularly since we did not use the same methodology), in our experiments LEF-1 was not immunoprecipitated when antibodies against either ERa or b were used. Only antibodies against LEF-1 prevented the formation of a DNAprotein complex in EMSA assays, unlike antibodies against Tcf 3 or ERa. Indeed, the initial cytoplasmic ERa/b-catenin/GSK3 complex appears to be different, with the complex in uterus being arranged (assembled?) after hormone addition, while in neural cells and neurons the complex is detected even prior to hormone treatment.
Further studies will be required to clarify whether the same ERa/b-catenin/Tcf-3 complex observed in the uterus is also present in neurons or in some specific brain regions. It will be interesting analyzing other possible components that might mediate the effect of the estrogen receptor on TCF/LEF-1 transcription, such as transducin beta-like protein 1 (TBL1) and its highly related family member TBLR1 [30] ; among many others (see reviewed in [16] [17] [18] [19] ). A different point worthy of mention is that we detected multiple ERa bands in N2A cell extracts and after estradiol treatment only some of them appear to move into the nuclear fraction. This observation opens some interesting questions about the molecular nature of these multiple bands and why only some of them are mobilized. We are currently initiating the study of these ERa isoform/s in order to clarify the different possibilities suggested by the bibliography (isoform versus proteolysis??) [31] [32] .
Several publications have recently emerged in which new elements have been described that regulate the Wnt-b-catenin pathway. For example, c-Jun forms a complex with b-catenin and Dvl in the nucleus, and this association regulates the transcriptional activity of b-catenin [33] . Moreover, Rac1-JNK2 appears to act as a novel modulator of b-catenin mediated transcription [34] . Thus, the complex regulation of b-catenin is becoming more evident, as it is not only modulated through its cellular distribution or phosphorylation, but also by the proteins with which it associates. Here, we describe a novel pathway that regulates bcatenin/TCF activity through a ligand, estradiol, using at least some of the components of the original Wnt pathway.
Is the gene expression through LEF-1/b-catenin estradiolmediated similar to those triggered by Wnt?
To determine more specifically whether estradiol can regulate gene expression using the TCF/LEF-1-b-catenin system in a way similar to that of Wnt3a, we generated N2a-m cells stably transfected with D56LEF-1 cDNA. By analyzing the gene expression profile of these cell lines on an Aplied Biosystems Mouse Genome Survey Microarray, we detected 223 genes modified by estradiol; whereas Wnt3a modified 303 genes, sensitive to D56LEF-1 (see Table 1 , containing only the annotated sequences).
To validate these changes, at the protein level, we had to extend the treatment period and as a result, we selected some representative genes from our array, such as Plg as well as some genes that have been previously associated with Wnt stimuli, such as E-Cadherin [35] , Cyclin D [36] [37] [38] , c-myc [39] , LEF-1 [40] [41] and TCF-1 [42] . We used commercially available antibodies to validate the changes in the levels of these proteins in the presence of D56LEF-1 and/or the hormone or Wnt. Our data revealed two major types of response: first, those genes modified initially by the of the D56LEF-1 plasmid was tested using oligos specific to the D56LEF-1 plasmid, in parallel with specific oligos recognizing endogenous LEF-1 protein (LEF-1-wt) as controls. Note that no significant differences in plasmid expression were observed between cells growing in 10% FCS compared to those grown in the absence of FCS. (C)-Protein expression was determined to test for the presence of the mutant LEF-1 protein in N2a-m cells. Nuclear extracts were prepared from control and estradiol treated cells, and little accumulation of b-catenin was detected after exposure to estradiol although the estrogen receptor does enter the nucleus. The LEF-HMG box antibody allows us to differentiate full-length LEF-1 from D56 LEF-1 in western blots. Nucleolin levels were used as an internal control. The right insert represents the luciferase activity (RLU) of both stable cell lines. A functional analysis was performed to check the loss of estradiol induction over TOPFlash in these cells, as previously reported for the transient transfection ( Figure 6C ). The graph shows the normalized luciferase activity from at least three independent experiments. The P value from the Student's t-test was ** (P#0.01) when compared with control data. doi:10.1371/journal.pone.0005153.g008 LEF-1 mutant background, such as Plasminogen, LEF-1 , bcatenin and MMP-2, and second, a group of genes which initially responded to estradiol, either positively or negatively, and additionally showed an increased response in the D56LEF-1 cells, such as N-Cadherin, E-Cadherin and Cyclin D2. Indeed, the CyclinD2 promoter is clearly regulated by the estrogen receptor as well as by TCFs, although its responsiveness to Wnt proteins has also been assessed [36, 38] . Our data indicate that in neurons, this gene may be regulated by both elements, at least in part via bcatenin/LEF-1. Taken together, these data demonstrate the existence of a new pathway controlled by estradiol, at least in neurons. Our data show that this pathway contains some elements that may belong to the canonical Wnt-pathway. Indeed some reports indicate that estradiol may control the response of the Wnt pathway as an important part of its neuroprotective role. This neuroprotective response is mediated by increase of Wnt3a and inhibition of Dkk1 elevation, triggered after cerebral ischemia [43] . More work is now required to identify whether a similar mechanism is specific for certain types of brain insults or represents a more general mechanism. The analysis of our arrays (Table 1) ''Neuroprotective role'' of estradiol and GSK3 inhibition A complementary and important aspect of our data is that estradiol modulates the kinase activity of GSK3 irrespective of the neuronal source, and consequently the stabilization of b-catenin is an important event in these so called ''non-genomic actions''. When considering the role of GSK3 and b-catenin in neurodegeneration [44] , such as in relation to Alzheimer's disease or ischemia, some of the functional effects of estradiol may, at least in part, represent an important physiological control of this kinase [15] . We have to remember that in model systems of b-amyloidmediated toxicity, similar concentrations of estradiol may protect neurons [15, 45, 46] .
Estrogens play an important role in normal brain development [47, 48] . In addition, this hormone appears to exert a more general neuroprotective effect such as in mouse models of Parkinson's disease [49] [50] [51] [52] [53] or after brain ischemia [54] [55] [56] [57] [58] . In some ischemia models the estradiol-mediated GSK3 response, appears to be JNKDkk1-dependent [43] , and we cannot discard this possibility in our neuronal system. However, our data indicate that the estradiolmediated inhibition of GSK3 is PI3K-Akt dependent (O. Varea et al., unpublished data). It will be very important to determine whether the response that we observed is specific to ''immature neurons'' or whether it represents a more general mechanism.
Materials and Methods
Primary Cortical neurons and Neuroblastoma N2a-m
Mice were treated following the guidelines of Council of Europe Convention ETS123, recently revised as indicated in the Directive 86/609/EEC. In addition all protocols were approved by the institutional animal care and use committee. Cortical neurons were obtained from E18 mouse embryos after isolating the cortex in Ca 2+ -and Mg 2+ -free Hanks Buffer Salt Solution (HBSS 16, GIBCO). Once 8-10 embryonic cortices were obtained, they were finely cited, washed twice in HBSS 16 buffer,and incubated in 0.25% trypsin (GIBCO) and 1 mg/ml DNAse (Roche) for 15 min at 37uC. Trypsin and DNAse were then eliminated by washing three times, with HBSS 16, and the cut tissue was then triturated using a siliconized pipette. The cells were counted and plated in a poly-lysine coated (1 mg/ml, Sigma) 60 mm dish containing plating medium (MEM, 20% Glucose, horse serum and antibiotics). After 3 hours plating, the medium was changed to phenol red-free Neurobasal medium supplemented with B-B27 GIBCO) and the neurons were maintained under these conditions for 2 days. Murine neuroblastoma N2a-m cells were grown at 37uC in 7% CO 2 , in DMEM supplemented with 10% fetal calf serum (GIBCO) and 2 mM glutamine.
Cell treatments. One day before treatment, the medium was changed to serum and phenol red free-medium The compounds used for treatments were: 17-b-estradiol (stored in ethanol at a concentration of 1 mM), ICI 182780 (Tocris, stored in dimethyl 
Western Blotting and Antibodies
After two washes with PBS, cell extracts were prepared in lysis buffer containing 200 mM Hepes pH 7.4, 100 mM NaCl, 100 mM NaF, 1 mM Na 3 VO 4 , 5 mM EDTA, 1% Triton and a protease inhibitor cocktail (Roche). The cells were left for 30 min on ice in this lysis buffer and then collected with a cell scraper. After adding loading buffer, the samples were boiled for 10 min and resolved by Tris/Glycine SDS-Polyacrylamide gel electrophoresis, and the proteins were then transferred to a nitrocellulose membrane (Amersham) in the presence of 20% methanol and 0.1% SDS. Non-specific signals were blocked by incubating the membrane in PBS-Tween-20 (PBT) and 5% milk for 2 h. The antibodies used to probe the membranes were raised against: Ct 
Immunocytochemistry
To study the localization of proteins by immunocytochemistry, we fixed cells plated at low density with 4% paraformaldehyde for 20 min at RT. After 3 washes for 10 min in PBS, fixed-cells were incubated with 50 mM NH 4 Cl and then blocked and permeabilized for 30 min with 1% fetal calf serum and 0.1% Triton-X-100 in PBS. The cells were incubated with the primary antibodies for 2 h at RT and after 3 washes with blocking solution, the secondary Alexa fluor-488 or 594 antibodies were added (1:1000, Molecular Probes). The primary antibodies used were raised against b-catenin (1:400, Transduction Labs) or ERa (1:500, MC-20, Santa Cruz). To visualize the distribution of polymerized actin, fixed cells were stained with phalloidin conjugated to Alexa 488 or 594, as indicated in each experiment (1:100, Molecular Probes). Coverslips were mounted with Fluoromount G (Southern Biotechnology Associates, Inc) and photographs were taken on a confocal microscope (LSM 510 META, Zeiss).
Plasmids and Transient expression in N2a-m cells
The plasmids used for transient expression were: pTOPFlash (Upstate), containing three copies of the consensus sequence recognized by the TCF/LEF transcription factors (CCTTTGATC) and with the c-Fos promoter driving the expression of luciferase gene; pFOPFlash (Upstate) that contains three non-functional copies of the TCF/LEF binding site (CCTTTGGCC); and EGFP-N1 encodes an enhanced greenfluorescent protein used to quantify the efficiency of transfection when co-transfected with TOP/FOPFlash. N2a-m cells were transfected using LipofectAMINE 2000 (Invitrogen) according to the manufacturer's instructions. For transfection, 600,000 cells were plated in a 60 mm-culture dish with growth medium and the day before transfection, the medium was changed to DMEM without FCS or antibiotics. Co-transfections were performed with 2 ml LipofectAMINE (Invitrogen) and 1 mg of total-DNA (0.75 mg TOP/FOP plus 0.25 mg EGFP-N1). After transfection, the medium was changed to DMEM without phenol red or FCS, supplemented with an antibiotic cocktail. Treatments were started 48 h after transfection to coincide with the maximum expression levels of the co-transfected proteins.
Other plasmids used for transfection were: empty pcDNA3 as an internal control; D45 b-catenin, a deleted form of b-catenin lacking the N-terminal (kindly provided by Dr. R. Moon); and LEF-1D56 (kindly provided by Dr. R. Grosschedl) that expresses a form of LEF-1 that is unable to interact with b-catenin.
Primary Cortical Neuron Nucleofection
The TOPFlash plasmid was introduced into cortical neurons by nucleofection (Basic Nucleofector Kit for Primary Mammalian Neural cells, Amaxa Bioscience) according to the manufacturer instructions. A total of 3 mg TOPFlash plus 1 mg GFP was introduced into 4610 6 cells, and both luciferase activity and the efficiency of nucleofection were analyzed after 2 days in culture.
Assay of luciferase activity
After treatment of the TOPFlash transfected N2a-m cells, they were incubated in 60 mm plate with 1 ml of TEN buffer (40 mM Table 1 '' for a more complete list of the annotated genes). As seen, in the panel we selected some ''putative Wnt-regulated genes'', such as Tcf3, Ccnd1 (cyclin D1), GSK3b, Myc and LEF-1, to give some examples of the results in our arrays. We detected changes at the protein level only in Plg, although there were several genes whose expression varied. For example, the levels of plasminogen RNA were much higher in group B than group A (ratio AvsB$1), and the expression of LEF-1 was higher in D56LEF-1 due to the mutant expression (ratio AvsB#21). The western blots below are verifications of these differences at the protein level. Among other proteins that did not change between the groups of cells were GSK3 b or myc (see western blots on the right). MMP-2 was tested although it did not display a change in its RNA levels and there was no difference in the total cell extracts. Interestingly, when conditioned medium was prepared, more pro-active MMP-2 (and less active protein) was seen in D56LEF-1 cells. [Gene_Symbol: Plg (plasminogen), Tcf3, Ccnd1 (cyclin D1), GSK3b, Myc and LEF1]. (B)-Estradiol induction of N-cadherin and cyclin D2 may be affected by expression of the D56LEF-1 protein. Total cell extracts from cDNA/N2a-m cells (group A) and D56LEF-1/N2a-m cells (group B) were collected 24 h after estradiol or Wnt3a treatment to analyze several known Wnt or estrogen target genes. As seen in western blots, estradiol upregulated E-cadherin, N-cadherin and cyclin D2 expression in group A cells. N-cadherin and cyclin D2 were also upregulated by Wnt in group A cells. In contrast, E-cadherin expression was not Wnt responsive. The regulatory effects of estradiol on E-cadherin, N-cadherin and cyclin D2 expression were lost when D56LEF-1 is expressed, as seen in group B cells. In the case of E-cadherin, the loss of functional LEF-1, which acts as a known gene repressor, implies higher protein levels even without stimulation. In contrast, levels of actin or cyclin D1 remained unchanged. doi:10.1371/journal.pone.0005153.g009
Tris-HCl pH 7.5, 10 mM EDTA, 150 mM NaCl) for 15 min at RT to detach the cells from the dish. Once the cells had been collected and pelleted, they were resuspended in 100 ml of lysisbuffer (100 mM Potassium Phosphate buffer ph 7.8, 1 mM DTT, 0.5% Triton) and incubated on ice for 30 min. The lysate was then centrifuged at 4uC, 5 min to eliminate aggregates and the supernatant was transferred to a fresh tube. A fraction of this supernatant was resolved by electrophoresis to check the cellular mass and the amount of protein was quantified. The rest of the cell extract was used to measure the luciferase activity in 200 ml of luciferase buffer (25 mM Glycyl-glycine, 15 mM MgSO 4 , 5 mM ATP, 1 mM DTT, 100 mg/ml BSA) mixed with 20 ml of the cell extract. The luciferine reaction substrate (Promega) was used at a concentration of 1 mM (dissolved in sterile water), and we determined the quantity of luciferase expressed in the cells by measuring the reaction at 560 nm with a luminometer (MonolightH 2010, Analytical Luminescence Laboratory). The values obtained correspond to the mean and standard deviation of three sets of independent experiments. To analyze the induction of bcatenin co-activator function, the values were normalized to controls (corresponding to the ratio transfected/non treated cells).
Immunoprecipitation
Inmunoprecipitation assays we carried out on a confluent culture dish of N2a-m cells that were collected in 0.5 ml of immunoprecipitation buffer A (1% Triton X-100, 150 mM NaCl, 10 mM Tris pH 7.4, 1 mM EDTA pH 8, 1 mM EGTA pH 8, 0.2 mM sodiumortho-vanadate, 0.2 mM PMSF, 0,5% NP-40). After incubation on ice for 30 min, the lysate was centrifuged (160006g at 4uC, 15 min) to eliminate possible aggregates. The supernatant (100 ml of total native lysate) was incubated in the following buffer: 2% Triton X-100, 20 mM Tris pH 7.4, 2 mM EDTA pH 8, 2 mM EGTA pH 8, 0.4 mM sodium ortho-vanadate, 0.4 mM PMSF, 1% NP-40) in the presence of 5 mg of anti-ERa antibody in a total volume of 500 ml. The mixture was incubated for 1 h at 4uC and subsequently, 10 ul of Protein A-Agarose solution (Sigma) was added and incubated at 4uC for 30 min with agitation. The agarose beads were recovered by centrifuging at 160006g for 4 min at 4uC, and the pellet was washed three times with buffer A and centrifuged (160006g at 4uC). Finally, the pellet was resuspended in 30 ml of 26 electrophoresis sample buffer (250 mM Tris pH 6.8, 4% SDS, 10% glycerol, 0.006% bromophenol blue, 2% b-mercaptoethanol), boiled for 10 min and loaded onto an SDS-PAGE gel to be analyzed by western blotting.
Purification of cortical nuclei
After the dissection of the cortex from 12-16 E18 embryos, the tissue was homogenized in buffer A (0.32 M sucrose, 10 mM Tris pH 7.4, 3 mM MgCl 2 supplemented with 0.1% Triton-X-100, protease inhibitors, DTT and PMSF). The homogenate was centrifuged at 2500 rpm for 10 min at 4uC, the supernatant was discarded and the pellet was resuspended in buffer A without Triton, and centrifuged in the same conditions. The pellet obtained was resuspended in buffer B (the same as buffer A, but containing 1.9 M sucrose instead of 0.32 M) and homogenized again. The extract was carefully loaded over buffer C (buffer A, but with 2 M sucrose) and spun at 12000 rpm for 60 min at 4uC. The final pellet of the nuclei was resuspended in 50 ml of buffer A, 150 ml of protein extraction buffer (20 mM Tris pH 7.4, 400 mM NaCl, 0.5 mM EDTA pH 8, 0.5 mM EGTA pH 8, 2 mM MgCl 2 ) was added and the mix was incubated on ice for 30 min.
To finally obtain the soluble fraction of nuclear proteins, the extract was centrifuged at 35000 rpm for 30 min at 4uC and the protein concentration in the extracts was measure using the Lowry reaction.
Electrophoretic Mobility Shift Assays (EMSA)
To obtain nuclear extracts of N2a-m or cortical neurons, cells were grown in serum free-DMEM, without phenol red, to 80% confluence. After washing twice with PBS, 400 ml of EMSA buffer A was added to each P100 dish (10 mM Tris pH 7.5, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,1 mM DTT, PMSF, 1 mM Na 3 VO 4 and protease inhibitor cocktail). Once two confluent P100 mm dishes were collected in a fresh tube (8 P60 mm in the case of cortical primary neurons), cells were incubated for 15 min on ice and then 40 ml of 10% NP-40 was added and vortexed for 20 sec. The supernatant was centrifuged for 30 sec at 15000 rpm to obtain the cytoplasm fraction. Once dry-resuspended the pellet containing the nuclei, 50 ml of EMSA buffer B (20 mM Tris pH 7.5, 400 mM NaCl, 0.5 mM EDTA, 0.5 mM EGTA, 2 mM MgCl 2 , 1 mM DTT, 0.5 mM PMSF, 1 mM Na 3 VO 4 and protease inhibitor cocktail) was added at 4uC with vigorous shaking for 15 min. The samples were then centrifuged for 30 sec at 15000 rpm and the supernatant recovered as the nuclear extract. The EMSA assay was performed as described previously [59] . Protein-primer binding was carried out with 20 mg of nuclear proteins during 30 min at RT and a similar amount of each primer (50.000 cpm/ml annealed primer) was added to the reaction at a concentration of 1 mg/ml (sequence forward: 59-GTCGCCCTTTGATCTTACC-39, reverse: 59-GTCGGGTAA-GATCAAAGGG-39, synthetic oligonucleotides from Invitrogen). When antibodies were used in the EMSA assays, 2 mg of antibody against TCF-1-X, TCF-3-X and LEF-1-X (from Santa Cruz) and 1 mg of antibody against b-catenin (Transduction Labs) or 0.8 mg of antibody against ERa (MC-20, Santa Cruz) was added 20 min after the binding reaction had terminated. Competition experiments were performed to recognize the specific bands corresponding to the TCF/ LEF-1-DNA complex using TCF/LEF containing the mutated sequence (sequence forward: 59-GTCGCCCTTTGGCCTTACC-39, reverse: 59-GTCGGGTAAGGCCAAAGGG-39) and unlabelledwild type TCF/LEF sequence at different final concentrations (20 ng and 100 ng). In all cases, the binding reaction was carried out at a final concentration of 60-65 mM KCl and in the presence of poly dIdC (1 mg/ml) and CHAPS (20%). The results of the binding reaction were analyzed in 4.5% acrylamide/bisacrylamide gels run at constant 130 V and dried (80uC, 1 h).
Total RNA isolation and RT-PCR quantification
Total RNA was isolated from N2a-m cells from a confluent P100 mm dish or from 3 P60 mm dishes in the case of cortical neurons. An additional set of RNA was obtained from N2a-m stabletransfected with pcDNA3-LEF-1 56 or with empty-pcDNA3, either untreated or exposed to estradiol or Wnt3a. RNA was obtained using TRIzol (GIBCO) and it was finally resuspended in sterile-DEPC treated water. The RNA concentration was determined by spectrophotometry at 260 nm, and its integrity was checked using a Bioanalyzer Chip (Agilent). First strand cDNA synthesis was performed on 2 mg of RNA and using the reverse primer as the priming site, hybridized at 37-40uC during 5 min before the remaining reaction components were added: MMLV ReverseTranscriptase, 2.5 mM DTT, and RT-Buffer (GIBCO) with RNAsin and 10 mM dNTPs. Elongation was performed at 37uC (optimal temperature for the RT enzyme) and the reaction was finally heated to 94uC (5 min) to inactivate the RT enzyme. RT-PCR amplification was performed to analyze cyclin D1, c-myc, actin, b-galactosidase, actin and GADPH expression using the Master SYBR Green I mix (Roche) with 2 mM MgCl 2 in a lightcycler instrument (Roche Molecular Biochemicals). PCR was performed under optimal
Microarray analysis
Gene expression profiles were generated using Applied Biosystems Mouse Genome Survey Microarray. Total RNA pools were cleaned using the RNeasy kit from Qiagen (Hilden, Germany). Digoxigenin-UTP labeled cDNA probes were generated and linearly amplified from 1 mg of each RNA pool using Applied Biosystems Chemiluminescent RT-IVT labeling Kit. Microarray hybridization, chemiluminescence detection, image acquisition and analysis were done according to Applied Biosystems protocols and the 1700 Chemiluminescent Microarray Analyzer.
Applied Biosystems Expression System software was used to extract Assay Signal, and Assay Signal to Noise ratio values from the microarray images. Bad spots flagged by the software were removed from the analysis. The Assay Signal of the represented genes was log transformed, loess-normalized (http://www. bioconductor.org) and further filtered by standard Expression Array System Signal to Noise threshold (S/N greater than 3 in at least one sample). The expression profiles of the two control populations (N2a-m stable-cell lines with or without DLEF-1) were compared with the corresponding population, treated with either estradiol or Wnt3a. Figure S1 N2a-m cells express both the ERa and ER{lower caes beta} isoforms of the estrogen receptor and they respond to estradiol. Immunocytochemistry with anti-ERa and ERb identified a different cytoplasmic location for the two isoforms in both cell lines. While ERa presented was diffusely distributed throughout the cytosol and nucleus, and it accumulated in the nucleus after the addition of estradiol (A-B). ERb distribution was more heterogeneous and it could be found in aggregates, diffusely distributed in the cytosol or in the nucleus(C-D). The addition of estradiol (B and D) increases the immunoreactivity against two receptors in the nucleus. Images were analyzed by confocal microscopy and western blotting confirmed the expression of both isoforms in total cell extracts from control cells. Found at: doi:10.1371/journal.pone.0005153.s001 (9.68 MB EPS) Figure S2 Distribution of b-catenin after exposure of N2a-m cells to estradiol does not reveal the translocation of b-catenin to the nucleus. Cell fractions corresponding to the soluble, membrane and nuclear fractions were analyzed in control and estradiol treated cells. Neither 30 nor 60 min exposure to estradiol provoked the nuclear accumulation of b-catenin, statistically significant. In contrast, recruitment of b-catenin to the membrane fraction was more evident. We also checked the movement of ERa as a control of the assay, which clearly accumulated in the nuclear fraction (see Figure 8 ). Figure S4 Neither ERa nor TCF-3 antibodies modify the migration of nuclear protein extracts from N2a-m cells exposed to estradiol or Wnt3a. Nuclear protein extracts were obtained from control or estradiol/Wnt3a treated cells as indicated in each lane. The incubation with specific antibodies against ERa or TCF3 did not produce a higher molecular weight band that migrated more slowly than that previously identified as a TCF-DNA complex, nor did they prevent the formation of the complex. Found at: doi:10.1371/journal.pone.0005153.s004 (2.50 MB EPS)
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